The ground state interaction of C-(4-chlorophenyl)-N-phenylnitrone (N1) with three different ,-unsaturated ketones (K1 -K3) in very dilute solution (10
Introduction
Chemists are increasingly interested in the cooperative effect in non-covalent interactions, which can be successfully employed for the construction of quite complex structures [1] . Multiple hydrogen bonds, coordination bonds, as well as several other forms of homogeneous and heterogeneous weak interactions were thought to have been effective to bind two different entities strongly. In both chemistry and biology non-covalent electron donor-acceptor (EDA) interactions have received much attention in recent years [2] [3] [4] . These EDA complex compounds can be utilized as photocatalysts [5] , organic semiconductors [6] and dendrimers [7] . They are important in studying redox process [8] , nonlinear optical activity [9] and in microemulsion activity [10] . EDA interactions also play a vital role in the field of drug-receptor binding mechanisms [11] .
The polar heterocyclic compounds show strong solvatochromism [12] . Nitrones, an important category of 1,3-dipolar species [13] [14] [15] [16] [17] , undergo facile concerted [ π 4 s + π 2 s ]-cycloaddition to different dipolarophiles producing isoxazolidines which serve as a key step in a number of natural product syntheses [13, [18] [19] [20] . Nitrones are a family of such heterocyclic compounds that have been studied extensively [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] due to their stability.
The 1,3-dipolar cycloaddition reaction between a nitrone and an unsaturated dipolarophile is a well-known process in the ground state leading to cyclic adducts. Much computational [23, 24] investigation of these reactions were done, mostly following the optimization of transition state (TS) which is energetically an activated complex lying between the reactants and products. The existence of ground state activated complex of these reactions has prompted us to see whether there exists some weak complexation of the reactants in ground state in the solution phase. Any such possibility could be monitored and studied experimentally by common techniques [25] through measuring binding property and formation of such weak complexes [26] . A link is therefore sought for predicting the cycloaddition efficiency in terms of tendency towards formation of weak complexes in solution, despite that many other dominant factors prevailing in solution might affect the prediction in gas phase. However, we have explored this avenue in conjunction with reactivity based on DFT computed electrophilicity/nucleophilicity indices in order to predict the efficiency of 1,3-DC reactions. The success of our model seems to be revealed through the results and discussion section.
Here, we have reported the solvatochromic properties of C-(4-chlorophenyl)-N-phenylnitrone (N1 in Figure 1 ). The objective of this present work is to investigate systematically the intermolecular interactions associated S. SALAMPURIA ET AL. with the nitrone molecules (Figure 1 ) in different solvent environments as well as in the presence of different ,-unsaturated ketones. On these grounds, we decided to observe the non-covalent interaction occurring mainly through charge transfer between the nitrone N1 and three different unsaturated ketones K1, K2 and K3 (shown in Figure 1 ) which could predict the molecular selectivity of the nitrone. When we observe the electronic spectra of the complex and the individual compounds involved in the complex, we find a new electronic absorption band attributed to neither the nitrone (N1) nor the ketones (K). In our previous study [27] the molecular selectivity of [60]-fullerene among different porphyrin molecules was checked by using the fluorescence probe method. The present paper reports the trend of forming charge transfer complexes by the nitrone (N1) with the unsaturated ketones (K1 -K3) in terms of experimental transition dipole strengths, resonance energies and formation constants of the complexes in non-polar toluene medium. Experimental findings of the trend in non-covalent interaction were well substantiated theoretically with the help of DFT calculated electrophilicity and nucleophilicity indices [23, 24, [28] [29] [30] as well as in terms of frontier molecular orbital energies [24] .
Experimental Section

Materials
Toluene of HPLC grade (for spectroscopic study from Merck Chemical Co.) was used as solvent without further purification. C-(4-chlorophenyl)-N-phenylnitrone (N1) was synthesized and purified according to the existing procedure [18, 19] . Benzalacetophenone (K1), anisalacetophenone (K2) and benzylidene-2-acetylpyridine (K3) were synthesized according to literature [31] .
Apparatus and Methods
UV Spectra were recorded using a Shimazdu UV-2450 spectrophotometer. The steady state fluorescence emission spectra were recorded on a Hitachi F-4500 spectrofluorimeter equipped with a temperature controlled cell holder.
The geometries of molecular structures were optimized using the hybrid density functional B3LYP method using 6-31G(d) basis set. All the calculations were performed on a IBM-HS21 server cluster/LAN running parallel version of Linda, employing the LINUX version of Gaussian09 [32] together with Gaussview05.
Results and Discussion
Photophysical Study/Solvent Interaction
The photophysical parameters [electronic absorption maxima (λ abs ), emission maxima (λ em ) and fluorescence quantum yield (Φ fl )] of the nitrone (N1) were determined in a few polar, nonpolar, both protic and aprotic solvents. The energy of maximum absorption [E(A)], fluorescence [E(F)] and Stoke's shift [E(St)] were reported by using the conversion:
The measured E(A) and E(F) values for the nitrone N1 alone in solvent were given in Table 1 . The nitrone shows intense S 0  S 1 absorption at 86.37 (kcal·mol ) in the respective solvents. In aprotic solvents the fluorescence band shows almost similar type of structure which looses their prominence as the polarity of the solvent is increased (in Figure 2) . The possible origin of structure of the band is presumably the nitrone vibrations.
The maximum absorption energies E(A) of N1 expressed in kcal·mol −1 for aprotic and protic solvents, show a linear correlation with the Reichardt parameter E T (30) [12] , as was shown in Figure 3 . A linear correlation with the E T (30) scale of solvent polarity is indicative of Figure 3 indicated that the transition is accompanied by a decrease in the dipole moment for the nitrone N1, as is also true for the indicator dye of the E T (30) scale. The poorer sensitivity of E(F) compared to E(A) towards change in the solvent polarity was observed. This could be intelligible in terms of decreased solutesolvent dipolar interaction in the excited state. Besides the polarity aspect, Gutmann's donor number (DN) [33] and modified acceptor number (AN * ) of solvents [34] can be used as these are measures of the strength of solvents as Lewis bases and acids respectively. On their basis the effects on E(A) and E(F) could be explained. The maximum absorption energies E(A) of N1 in aprotic and protic solvents, show non-linear growth with the acceptor number of solvents, as has been shown in Figure 4(a) . The exponential curvature of the plot indicated that with increasing Lewis acidity, hypsochromic shift in absorption energy is observed and an opposite effect will be expected with increasing basicity of the solvent. It was found that acidity shows better correlation with E(A) than shown by basicity. The opposite type sensitivity of E(F) compared to E(A) towards varia- It may be noted that with increasing acidity of solvent media energy of fluorescence E(F) passes through a minimum, just opposite to that in the case of absorption and that the correlation was also poor. The difference is obviously due to different characteristics of the ground and excited states.
Multiple linear regression analysis has been done where correlation of E(A) or E(F) was sought with respect to the solvatochromic parameters representing dipolarity ( * ), hydrogen bond donating (, HBD) and hydrogen bond accepting (, HBA) ability of solvents (following the Taft's scale [35] :  * ,  and ). This was done with the help of the expression (1)
where (E x ) 0 is the value of (E x ) in a hypothetical inert solvent, and A, B and C are the adjusted coefficients reflecting the dependence of E x on the ,  and  * parameters. The following regression equations were obtained: 
Although N1 showed better correlation (r) of absorption energy E(A) in terms of the Taft's  * -, -and -parameters, the correlation coefficient (r = 0.34) was far from unity for E(F) due to the low solvatochromic shifts observed in the emission (Table 1) , leading to a higher dispersion of the experimental values. In our previous studies we have seen that pyromethene dyes [36] or saturated -diketones [37] also showed similar features.
The adjusted coefficient (A) describing the HBD ability of solvent was the major coefficient in Equation (2) only. For the energies of absorption as well as the Stoke's shift, the A coefficients had positive values, corroborating the observed hypsochromic shift with respect to increasing solvent acidity, while for emission, the shift was bathochromic in nature and the coefficient (A) had negative sign. The opposite effect was observed as the basicity of solvent was increased. The coefficient (C) reflecting the dipolarity/polarizability of solvent, assumed positive value in absorption and negative in the case of emission, suggesting that the absorption bands shift slightly towards higher energies while the emission bands towards lower energies as the polarity of the solvent was increased. The basicity of solvent (-scale) and dipolarity ( * -scale) do not evidently affect the absorption while acidity or basicity ( and -scale) do not much affect the fluorescence minimum since the corresponding adjusted coefficients (B and C in Equation (2), A and B in Equation (3) and B in Equation (4)) were within their standard deviations.
It appear that solvation is mainly controlled here through hydrogen bond donation () and dipolar interaction ( * ) with the solvent. The ratio of the regression coefficients of  and  * indicates the relative importance of HBD over dipolarity interaction in the ground state. The ratio is ca. 2.75 in respect of E(A), whereas the trend is just reciprocal for E(F), implying that HBD plays a significantly greater role in the absorption while dipolarity does in emission.
Appearance of CT Bands
It was observed that absorption band maximum of N1 in the nonpolar toluene solvent shifted towards red as some dipolarophile compound was added to the solution. Figure 5(A) shows the electronic absorption spectra of mixtures containing (N1 and K) in toluene and the shifted band is attributed to CT owing to its characteristic nature. In order to obtain these CT bands, spectra of above solutions were recorded against the pristine nitrone (N1) solution in the respective solvent media as reference to cancel out its own absorbance. It was observed that the new absorption peaks appeared in the visible region. lengths at these new absorption maxima ( max = x c ) and the corresponding transition energies (h) were summarized in Table 3 . The gaussian analysis of fitting was done in accordance to the method developed by I. R. Gould et al. [38] . One important point to mention here is that the gaussian analysis of a curve generally provided a meaningful result near the maximum of the curve spread over a very small region. Table 3 . CT absorption maxima and transition energies of the complexes, oscillator strengths (f), transition dipole strengths ( EN ), resonance energies (R N ) and theoretically calculated heat of formation of the three complexes of N1. cillator strength [37] (f) for the transition. The oscillator strength is proportional to the square of transition dipole |µ EN |. The observed oscillator strengths of the CT bands are summarized in Table 3 . It has been observed that transition dipole strength (µ EN ) for the N1/K3 complex was slightly higher than those for the other N1/K complexes.
Again, the resonance energy of the complex in the ground state (R N ) [39] is a contributing factor (a ground state property) to the stability of the complex. The values of R N for the complexes under study have been provided in Table 3 . It appears from the trend in R N values that N1 forms stronger complexes with K1 and K3 as compared to the N1/K2 complex in the non-polar toluene solvent.
Determination of Formation Constants (K)
The formation constants of the N1/K complexes were determined using the Benesi-Hildebrand (BH) [25] equation in the form 
d are the absorbances of the donor-acceptor mixture, pure N1 and K solutions respectively at the same molar concentrations as are present in the mixture and at the same wavelength against the solvent as reference. The molar extinction coefficient  is not quite that of the complex. Equation is valid [25] under the approximation [N1] 0 [K] 0 for 1:1 donor-acceptor complexes. The intensity or the corrected absorbance (d) in the visible portion of the absorption band, increases systematically with gradual addition of the dipolarophile solution as shown in Table 4 . Thus, it is established in this work that the substantial red shift in the broad 300 -400 nm absorption band of N1 is due to formation of 1:1 molecular complex between K and N1. The equilibrium constant values were calculated using the Benesi-Hildebrand (BH) model. In all the cases very good linearity were obtained. One such plot has been shown in Figure 7 . ) in toluene medium. The trend in the formation constants for three complexes follows the order K3 > K1 > K2. The trend in transition dipole ( EN ) strengths and resonance energies (R N ) as well as theoretically calculated heat of formation values for the three complexes were also in the similar order ( Table 3) .
Computed Philicity Indices
The global electrophilicity index [28, 29]  measures the stabilization in energy when the molecular system acquires an additional electronic charge N from the environment. It can be simply expressed in terms of electronic chemical potential () and chemical hardness (). These have been represented [24] by a very simple operational formulation in terms of the one-electron orbital energies of FMO, viz. the HOMO and LUMO given as:
where
and
The global electrophilicity index includes the propensity of the electrophile to acquire an additional electronic charge as well as its resistance to exchange the electronic charge with the environment simultaneously. Thus, a good electrophile can be characterized by a high value of  and a low value of .
Again the recently introduced [23, 30] global nucleophilicity index (N), has been based on the relationship N = −IP, where IP is the gas phase (intrinsic) ionization potential which can be directly extended to describe the local nucleophilicity. Within the simplest approximation to the nucleophilicity, the IP values can be approximated in terms of the HOMO energy in a molecule within a given molecular orbital (MO) scheme. The nucleophilicity index N for a given system, was therefore defined [23, 40] as N = ε HOMO(Nu) -ε HOMO(TCE) (in eV units) where ε HOMO(Nu) is the HOMO energy of the nucleophile and ε HOMO(TCE) corresponds to the HOMO energy of the tetracyanoethylene (TCE) taken as reference.
In Table 5 we have presented the HOMO and LUMO energies of N1, K1, K2 and K3 along with their electronic chemical potential (), chemical hardness (), global electrophilicity () and the nucleophilicity index (N). The electronic chemical potential of N1 (−3.81 eV) is higher than that of all K's (−4.20, −3.82 and −4.19 eV) implying that the CT will take place from the nitrone (N1) to the ketone (K) in all the three cases with predominant HOMO N1 -LUMO K interaction for the N1/K3 system presented in Table 5 and Figure 8 . According to the absolute scale of electrophilicity [41] based on the  index, N1 and K1 -K3 all belong to he realm of strong electrot philes (values greater than 1.50 eV). Both K1 and K3
show greater values of  than N1. These un-saturated ketones follow the electrophilicity order K3 > K1 > K2. Examining their nucleophilicity (N) indexes values, it can be noted that N1 is more nucleophilic (N = 3.49 eV) than the ketones. K1 (N = 2.81 eV) and K3 (N = 2.90 eV) have lower values of nucleophilicity index compared to K2 (N = 3.27 eV). Thus considering electrophilicity, K3 and K1 are both stronger electrophiles and N1 is the best nucleophile. Hence N1/K3 is expected to interact better as compared to the other N1/K, which was also observed experimentally ( Table 3 , 4 th column). Experimentally, similar cycloadditions [42] were carried out using several nitrones which include our N1 and ketones including K1 and K2 of ours, but exactly their choice of reactant pairs do not coincide precisely with those of ours. However, they have reported the product ratios of different stereoisomers and also the total yields of the reactions carried out over a time span of about 20 hr. It is apparent from their work that the reaction gets faster from N1/K1 to N1/K2 producing better yields, thus supporting our conjecture that the sequence of weak binding constants between the corresponding reactant pairs follow: N1/K3 > N1/K1 > N1/K2. The philicity based computational results are in fair agreement with the experimental results in all respect.
Conclusions
From above, the following conclusions could be drawn.  The nitrone favours charge transfer interaction with unsaturated ketones in the order K3 > K1 > K2 in terms of experimental binding constants (K), transition dipole strengths (µ EN ) and resonance energies (R N ) of the complexes and these are also in accordance with the electrophilicity (ω) and nucleophilicity (N) indexes of the ketones calculated at DFT/B3LYP/6-31G(d) level of theory on the optimized ground state geometries.  In either case K2 has the least tendency to interact with the nitrone for entering into successful non-covalent charge transfer interaction.  Overall, considering theory and experiment, K3 has strongest possibility to interact with this particular nitrone N1 in non-polar toluene medium.
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